sugar compared to two, and occurred primarily in genes encoding: (1) regulators; (2) enzymes for cell wall synthesis; and (3) sugar transporters.
and endoglucanase enzymes have been expressed and characterized [12, 13, 15, 33, 37, 41, 46, 53] .
The carbohydrate component of lignocellulose-hemicellulose and cellulose-is composed of chains of pentose and hexose monomers, which can then be fermented to fuels such as ethanol. To increase product yield from pretreated lignocellulose, microorganisms must be able to use both pentose (e.g., xylose and arabinose) and hexose (e.g., glucose) sugars. Many fermentative microorganisms cannot use xylose and must be genetically modified for xylose utilization to increase yield [61, 63] . Likewise, carbon catabolite repression (CCR) is active in many bacteria that can metabolize both pentose and hexose monosaccharides, causing preferential use of hexoses, primarily glucose, which leads to sequential, rather than simultaneous, sugar metabolism [11, 32, 49] . In many microorganisms, CCR is associated with the phosphoenolpyruvate (PEP): phosphotransferase system (PTS), where the incoming sugar is phosphorylated during transport using a phosphoryl group from PEP, which can lead to catabolite repression or inducer exclusion [52] . CCR also regulates genes and operons encoding glycoside hydrolase enzymes for breakdown of hemicellulose and cellulose, as well as transporters of oligosaccharides [6, 26, 27, 31, 57] .
Ruminal strains of Butyrivibrio fibrosolvens were able to grow via the concurrent use of xylose and glucose. While transport mechanisms were not determined during these experiments, other B. fibrosolvens strains demonstrate pentose uptake using ATP-binding cassette (ABC) transporters [58] . Clostridium thermohydrosulfuricum strain Rt8.B1 lacks CCR, allowing for simultaneous use of glucose and xylose, with glucose being transported by high-and lowaffinity transporters, and xylose uptake through a facilitated diffusion mechanism [9] . Sugar transporters characterized in these genera indicate that PTS transporters are not responsible for transport of these sugars, which explains why CCR was not be active.
Simultaneous utilization of pentose and hexose sugars has also been demonstrated in thermophilic anaerobes. Thermoanaerobacter strain X514 transports fructose, glucose, and cellobiose using PTS transporters, while xylose is transported by an ABC transporter [34] . Regulation of pentose metabolism has been observed in other Thermoanaerobacter species, but not X514. In cellulolytic thermophiles, such as Caldicellulosiruptor saccharolyticus and different Thermotoga species, carbohydrate transport is catalyzed by non-PTS transporters. Various Thermotoga species were also able to use pentose and hexose sugars from hydrolyzed lignocellulose materials [19, 43] . Simultaneous metabolism of pentose and hexose sugars was attributed to the variety of ABC-type carbohydrate transporters present in the cells [21, 50] . Finally, the hyperthermophilic archaeon, Sulfolobus acidocaldarius, was able to simultaneously use xylose and glucose, as well as a mixture of glucose, arabinose, and galactose [30] . Genome studies of Sulfolobus species have demonstrated the absence of PTS and that sugar transport is mediated by ABC-type transporters [5, 17, 55] .
Annotation of the A. acidocaldarius genome shows the presence of PTS, proton symport, and many ABC-type carbohydrate transporters [38] . In addition, the genome has all components of the Gram-positive CCR, including catabolite control protein A (CcpA), histidine protein (HPr), HPr kinase/phosphorylase, and Crh. The purpose of this study was to characterize carbon metabolism and gene regulation in A. acidocaldarius during growth on monosaccharides in an effort to determine whether CCR was active in this bacterium. Chemostat studies and global transcriptome analysis using high-density microarrays were used to accomplish this goal. This research represents the first global transcriptome analysis of A. acidocaldarius.
Materials and methods

Inoculum development
Alicyclobacillus acidocaldarius ATCC 27009 was purchased from the American Type Culture Collection ® (ATCC) and used for all experiments. Chemostat inoculum was prepared from a frozen stock inoculated into 25 mL of modified 402 medium (DSMZ list of media for microorganisms: https:// www.dsmz.de/catalogues/catalogue-microorganisms/culture-technology/list-of-media-for-microorganisms.html), but instead of yeast extract, a vitamin solution containing (g/L): pyridoxine hydrochloride (0.08), folic acid (0.012), thiamine hydrochloride (0.13), riboflavin (0.042), nicotinamide (0.084), p-aminobenzoate (0.088), biotin (0.01), cyanocobalamin (0.0004), d-pantothenic acid, calcium salt (0.086), myo-inositol (0.021), choline bromide (0.053), orotic acid, sodium salt (0.021), and spermidine (0.1) were added. Base medium was autoclaved (121 °C, 20 psi) for 30 min prior to use; KH 2 PO 4 solution was adjusted to pH 4.0, autoclaved separately, and added once the bulk medium had cooled. The vitamin solution was also added to the base medium once it had cooled. The A. acidocaldarius culture was grown overnight and used to inoculate 250 mL of modified 402 medium containing 4 g/L of the sugar that was used for the subsequent chemostat experiment. This culture was then used to inoculate the chemostat.
Chemostat studies
Carbon metabolism studies using A. acidocaldarius were performed in a BioFlo ® 3000 chemostat system (New Brunswick Scientific, Enfield, CT, USA). Medium was added to the reactor, pH and dissolved oxygen probes were inserted, and the reactor was autoclaved at 121 °C, 20 psi, for 1 h. Experiments were performed using a dilution rate of 0.5/h at 60 °C, and the pH of the growth medium was automatically controlled to 4.0 by adding 1 N NaOH. To ensure that the cultures were not oxygen-limited, dissolved oxygen was controlled to 10%. Experiments were performed, where xylose was sugar 1, glucose or arabinose was sugar 2, and experiments, where fructose was sugar 1 and glucose was sugar 2. Each sugar was supplied at a concentration of 2 g/L, so that when two sugars were present, the total sugar concentration was 4 g/L.
Following inoculation, A. acidocaldarius was grown to mid-to-late log phase, as measured by OD 600 , using xylose or fructose as carbon source. Medium containing sugar 1 was then pumped to the chemostat to achieve the 0.5/h dilution rate. The bioreactor was run for five reactor volumes before sugar 2 was added, to ensure steady-state conditions. Samples for sugar analysis, cell density, and RNA extraction were taken every 2 h. A "baseline" sample (t 0 ), to which other samples were compared, was taken just prior to adding sugar 2. The induction phase of the experiment consisted of injecting a solution containing sugar 2 that provided a final concentration of 2 g/L of the sugar in the chemostat medium, and then initiating flow of the autoclaved medium containing sugar 1 and sugar 2. Immediately following injection and initiation of flow for the medium containing both monosaccharides, samples were taken for sugar analysis, cell density, and RNA extraction. This sample was considered the t 1 sample. The chemostat was run for an additional five reactor volumes, and as with the initial phase with sugar 1, samples were taken every 2 h. Once five reactor volumes had passed through the chemostat, a final sample (t 2 ) was taken for sugar analysis, cell density, and RNA extraction. Three biological replicates of each pairing of sugar 1 and sugar 2 were performed using three separate, identical chemostat runs.
Analyses
Bulk samples were taken and aliquoted for each analysis.
Cell density
A Thermo Scientific™ Evolution™ 600 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the optical density of the culture at a wavelength of 600 nm. Samples were diluted 1/10 using sterile, sugar-free medium prior to analysis.
Carbohydrate analysis
An Agilent™ G1600AX 3D Capillary Electrophoresis (CE) system (Agilent, Santa Clara, CA, USA) equipped with a diode array detector was used to analyze sugar concentration in the chemostat supernatant. Neutral carbohydrate (i.e., glucose, xylose, arabinose, and fructose) concentrations were determined using the method of Rovio et al. with some modification [51] . Uncoated fused silica capillary columns with a total length of 60 cm and an ID of 50 µm were used for analysis. Carbohydrate separation was performed by holding the samples and the capillary at 15 °C. Samples were injected using a pressure of 0.5 psi for 4 s, followed by a plug of electrolyte (0.5 psi for 5 s). Carbohydrates were separated using a voltage of +16 kV. The electrolyte used for the analysis consisted of 130 mM NaOH and 36 mM Na 2 HPO 4 ·2H 2 O having a pH value of 12.6. All solutions were made using Optima™ LC/MS Water (Fisher Scientific, Waltham, MA, USA). Prior to use, the electrolyte was filtered through a 0.45 µm filter, and then degassed by sonication for 20 min. Sugars were monitored at a wavelength of 270 nm with a bandwidth of 10 nm. Duplicate measurements were made for each sample.
Samples (5 mL) were acidified with concentrated H 2 SO 4 (250 µL), and then frozen until analyzed. Samples were diluted in Optima™ water and then filtered through a 0.2 µm syringe filter prior to analysis. Concentrations of monosaccharides in the samples were determined by comparing to known standards for each sugar. Monosaccharide stocks were diluted in Optima™ water to generate calibration standards of 50, 100, and 500 mg/L for analysis.
Isolation of total RNA
Samples for RNA extraction were taken from the chemostat and immediately mixed with RNAprotect™ Bacteria Reagent (Qiagen, Valencia, CA, USA) at a 1:2 ratio. Total RNA was extracted from the A. acidocaldarius cells using an RNeasy ® Midi Kit (Qiagen, Valencia, CA, USA) with slight modification of the manufacturer's protocol. Alicyclobacillus acidocaldarius cells were thawed and lysis was accomplished by adding 200 µL of Tris-EDTA buffer containing 15 mg/mL lysozyme and 0.1 mg/mL proteinase K. Samples were vortexed for 10 s and then incubated at room temperature for 15 min with shaking. Manufacturer provided instructions were followed from this point up to when the RNA was eluted. RNA was eluted from the glass filter using 200 µL of DNase/RNase-free water: water was applied to the filter, incubated at room temperature for 5 min, and then centrifuged at 5000×g for 3 min. To increase RNA yield, the flow-through was re-applied to the spin filter and centrifuged. Residual DNA in the samples was removed by treatment with Ambion ® TURBO DNA-free™ kit (Life Technologies, Grand Island, NY, USA). RNA was purified and concentrated by ethanol precipitation. The pellet was dried using an Eppendorf™ Vacufuge™ Concentrator 5301 (Brinkmann Instruments, Westbury, NY, USA), and then resuspended in 20 µL of DNase/RNase-Free water. To inhibit RNA degradation during storage, 1 µL of Ambion SUPERase-In™ RNase Inhibitor (Life Technologies, Grand Island, NY, USA) was added. RNA concentration and purity were determined using a NanoDrop ® ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). RNA integrity was determined using an RNA Nano Chip Kit run on an Agilent™ 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
Synthesis of cDNA
Double-stranded cDNA was synthesized from total RNA using the Invitrogen Superscript Double-Stranded cDNA Synthesis Kit (Life Technologies, Grand Island, NY, USA) according to manufacturer's instructions, with the following modifications. After cDNA synthesis, residual RNA was degraded by adding RNase A, followed by protein removal using phenol:chloroform:isoamyl alcohol, and separation using Phase Lock Tubes (5 Prime, Inc., Gaithersburg, MD, USA). cDNA in the aqueous phase was then precipitated and concentrated by ethanol precipitation. The pellet was dried and then resuspended in 20 µL of DNase/RNase-Free water and allowed to solubilize overnight. cDNA concentration in each reaction was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). A DNA 7500 Chip Kit run on an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) was used to verify that most of the cDNA was ≥400 bp.
Microarray experiments and data analysis
Microarrays were designed and synthesized by NimbleGen™ using their 4 × 72 K Custom Gene Expression Array format. Complete genome sequence information for A. acidocaldarius ATCC 27009 (DSM 446) was provided to NimbleGen™. Seven probes, each 60 nt long, were designed for each of the 3554 identified open reading frames (ORFs) in the genome. Each probe was synthesized on the microarray in triplicate. Control probes were also included to ensure that there was no intra-quadrant contamination during the hybridization process.
Triplicate RNA samples isolated from A. acidocaldarius cells grown under the various conditions were used for microarray analysis. One-color cDNA labeling using Cy3, hybridization to the A. acidocaldarius microarrays, array imaging, and initial analysis of the array data was performed by Nimblegen. Data were normalized using the Nimblescan software, which normalizes probe response using quantile normalization and gene calls generation using robust multichip averaging (RMA) [3, 29] . Log 2 -transformed RMA data files were imported into the ArrayStar™ 4 software (DNASTAR, Inc., Madison, WI, USA) and the mean expression levels of three replicate arrays for each condition were considered. For comparison between gene expression during growth on sugar 1, immediately upon addition of sugar 2, and growth on both sugar 1/sugar 2, statistical significance was determined with a Bonferonni corrected moderate t test, and only genes that had a threefold or greater change in gene expression at 95% confidence were considered significant.
Bioinformatic analysis
Comparative analysis of the A. acidocaldarius genome was performed using the Integrated Microbial Genomes feature within the Joint Genome Institute website [36] . Homology determinations for A. acidocaldarius proteins were accomplished using the Basic Local Alignment Search Tool (BLAST ® ) for protein sequences using the "blastp" algorithm [1] . The non-redundant protein sequence database was used for searches, and uncultured and environmental sample sequences were excluded from the search. Alignments demonstrating variation between protein sequences for the Hpr protein were generated using GeneDoc™ [44] . Phylogenetic trees comparing protein sequences were generated using the Molecular Evolutionary Genetics Analysis (MEGA6) software program [60] . Protein sequences were aligned using the MUSCLE program within MEGA6 [16] . Phylogenetic reconstruction was accomplished using the maximum likelihood statistical method and distances between sequences were determined using 1000 bootstrap replicates.
Results and discussion
The purpose of the experiments was to understand sugar utilization patterns and regulatory mechanisms controlling metabolism in A. acidocaldarius (ATCC 27009/ DSM 446) in an effort to understand use of sugar mixtures common to plant biomass. Regulatory components common to Gram-positive CCR, which is a common global regulator of gene transcription, are present in the A. acidocaldarius genome [38] . To determine whether CCR controls gene transcription in A. acidocaldarius, cells were grown to steady state on one sugar, and then, a second sugar was added to the growth medium. Sugar pairs tested were xylose/glucose, xylose/arabinose, and fructose/glucose. Xylose, glucose, and arabinose were selected, because they represent monosaccharides commonly found in the cellulose and hemicellulose fractions of plant biomass. Fructose was tested, because transport of this monosaccharide is facilitated by a PTS transporter, the type of transporter typically associated with CCR. Three timepoints were considered during the experiments: steady state on one sugar (sugar 1) (initial phase), non-steady state on two sugars (sugar 1 and sugar 2) (transition), and steady state on two sugars (sugar 1/ sugar 2).
Comparison of sugar metabolism
During the chemostat experiments, A. acidocaldarius was grown on xylose/glucose, xylose/arabinose, and fructose/ glucose; results are summarized in Fig. 1 . 
Glucose and xylose metabolism
Experiments were performed to determine the effects of glucose addition on growth and sugar metabolism of A. acidocaldarius growing on xylose. During the initial phase, at a dilution rate of 0.5/h, A. acidocaldarius was using approximately half of the xylose supplied, and grew to OD 600 of approximately 1.3 (Fig. 1a) . Following the addition of glucose (2 g/L), the measured glucose concentration in the medium was just below 1.7 g/L. During this transition phase, when A. acidocaldarius was receiving 4 g/L of sugar, a gradual increase in xylose concentration coincided with high glucose concentrations in the chemostat. This initial observation was an indication of CCR, but A. acidocaldarius quickly began using both xylose and glucose for growth, which was demonstrated by a gradual increase in cell density (up to an OD 600 of 4.0) over time compared to the initial steady state (Fig. 1a) . Since glucose was being supplied continuously in the chemostat influent if CCR were occurring, then xylose metabolism would be expected to drop off for the remainder of the experiment, and little or no additional growth should have been observed. In contrast, xylose and glucose concentrations in the chemostat dropped gradually to near zero, and the cell density nearly tripled after the glucose was added, indicating that the A. acidocaldarius cells were using both monosaccharides, and CCR was not active.
Arabinose and xylose metabolism
A similar experiment was performed with two pentose sugars: xylose and arabinose. The associated effects on growth are shown in Fig. 1b . In contrast to the first set of experiments with xylose and glucose, the culture was growing under carbon-limited conditions. A. acidocaldarius completely used the xylose in the medium during the initial phase when grown on xylose only. The measured concentration of arabinose spiked to an average just over 2.5 g/L following the initial addition of arabinose to the growth medium. The mean xylose concentration in the medium began to rise to an average maximum just over 1.0 g/L. Arabinose concentration in the chemostat medium decreased as the xylose concentration increased, and then, both sugars were metabolized nearly equally after the first residence time (2 h). By the end of the third residence time, neither sugar was detected in the growth medium. When both sugars were present, the cell density nearly doubled (Fig. 1b) . As with the xylose/glucose pair, no CCR was demonstrated, as A. acidocaldarius was able to use both xylose and arabinose simultaneously. This result is less surprising, since xylose and arabinose are both pentose sugars, and are likely metabolized using similar cellular systems.
Fructose and glucose metabolism
A third set of chemostat experiments was performed using two hexose sugars. During the initial phase with only fructose present, approximately 60% of the 2.0 g/L added was used by A. acidocaldarius (Fig. 1c) . This shows that A. acidocaldarius was not carbon-limited under these conditions. When the steady-state culture was spiked with glucose, concentrations of nearly 2.0 g/L of glucose were measured in the medium; however, there was only a slight increase in the fructose concentration. Upon initiation of the second steady state on both sugars, fructose concentrations remained similar to those seen during the initial phase and glucose concentrations decreased to near zero. These results indicate that A. acidocaldarius prefers glucose to fructose. Following the addition of glucose, cell density nearly doubled, indicating that A. acidocaldarius was able to use fructose and glucose in parallel, and that CCR was not induced.
Global transcription analysis
In an effort to understand global regulation of transcription during growth on individual and mixtures of pentose and hexose monosaccharides, RNA was extracted from A. acidocaldarius, reverse-transcribed to cDNA, and used for microarray analysis. Data discussed in this publication have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE84032 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE84032).
During the experiments, 56, 64, and 71 of the 3554 A. acidocaldarius ORFs tested on xylose/glucose, xylose/ arabinose, and fructose/glucose were regulated, respectively. During the xylose/glucose and fructose/glucose experiments, analysis was performed on regulated genes that demonstrated greater than threefold, with a confidence level of 95% or higher when comparing growth on sugar 1 to growth after the transition to growth when sugar 2 was added. When A. acidocaldarius was tested with xylose and arabinose, confidence intervals for the microarray analysis dropped substantially. Consequently, genes that were highly regulated (fourfold or higher) will be discussed as significant, and will represent confidence intervals of 80% or higher. This cut-off point was chosen, because at this high level of change for gene transcription, it still remains significant even at 80% confidence. Factors related to carbon limitation during the xylose/arabinose chemostat experiments may have led to the low p values demonstrated during this experiment.
Up-regulated genes were below either the fold-change cutoff or the 95% confidence interval set for the experiment. During the transition from non-steady state on sugar 1 and sugar 2, to steady state on the same two sugars, gene transcription trends reversed and most genes were up-regulated for all three conditions. Of particular interest to this research, none of the genes related to CCR were regulated.
When comparing clusters of orthologous groups (COG) categories of functions for genes, overall, genes related to lipid transport and metabolism were the most regulated (Fig. 2) . Genes associated with amino acid transport and metabolism, carbohydrate transport and metabolism, and energy production and conversion were also regulated. Higher down-regulation (>19-fold) of transcription was noted when A. acidocaldarius transitioned from growth using fructose to growth on fructose and glucose than was demonstrated during experiments with the other sugar pairs. More energy production and conversion genes, as well as genes related to transcription, were regulated during the fructose/glucose experiment than for the other two conditions tested.
Since genes associated with CCR were not regulated during the experiments, other genes that were up-or downregulated will be discussed in an effort to understand what regulatory, transport, and cellular systems are dominant during growth using pentose and hexose sugars.
Systems-level analysis of gene transcription
Transcription regulators
Six transcriptional regulators were affected by transition of A. acidocaldarius from growth on one sugar to transitory growth on two sugars (Table 1) . ORF Aaci_0876 was down-regulated to a greater extent during testing with (Fig. S1 ). Aaci_0444 was also down-regulated during all three experiments, and encodes a bacterial enhancer binding protein (bEBP) that activates transcription using the Sigma-54 RNA polymerase holoenzyme [22] . These proteins contain three primary domains: (1) a signal sensing domain (N-terminus); (2) an HTH DNA-binding domain (C-terminus); and (3) a Sigma-54 interaction domain [4] . Another PASmodulated Fis family Sigma-54-dependent transcriptional activator (Aaci_0324), located in the same genome neighborhood as rpoN (Aaci_0326), which encodes the Sigma-54 subunit of RNA polymerase, was not regulated. The Genomes Online Database (GOLD) showed Sigma-54 and bEBPs homologs in 62% of the genomes [20] . Genes regulated by these proteins encode proteins related to energy production and conversion, cell wall/membrane/envelope biogenesis, cell motility, post-translational modification, signal transduction, and intracellular trafficking/secretion. These findings, along with the demonstrated down-regulation of lipid synthesis genes in A. acidocaldarius, indicate that the Sigma-54 RNA polymerase holoenzyme and Aaci_0444 may be responsible for transcription of genes encoding enzymes for cell wall construction and other carbon metabolism.
GAF-modulated transcriptional regulator, such as Aaci_0139, typically are involved in some type of signal transduction and contain a sensory domain, as well as an HTH DNA-binding domain. Down-regulation of this gene in parallel with Aaci_0444, the bEBP that interacted with Sigma-54, makes sense since GAF-modulated transcriptional regulators often impact Sigma-54-dependent transcription [56] .
Three other regulators that were down-regulated only when glucose was added were Aaci_1214 (Transcriptional regulator, LacI family), Aaci_2890 (Transcriptional regulator, AraC family), and Aaci_2901 (transcriptional regulator, GnrR family with LacI sensor).
As described previously, none of the genes associated with CCR were regulated during the experiment; therefore, CCR does not appear to regulate carbon metabolism in A. acidocaldarius DSM 446, as demonstrated in other Grampositive bacteria [35] . However, regulation of genes related to CCR is not a prerequisite for catabolite repression, since expression of these genes is often constitutive. The primary physiological indicator that sugar metabolism in A. acidocaldarius is not regulated by CCR is that increased growth occurred when sugar 2 was added to the steady-state culture of A. acidocaldarius.
The protein sequence of one of the three genes that have been annotated as phosphotransferase, phosphocarrier protein HPr (Aaci_0224), has the catalytic and regulatory domains associated with HPr proteins from other Grampositive bacteria. The catalytic histidine (His-15) and the regulatory serine (Ser-46) in the protein encoded are shifted downstream two amino acids relative to their position in other Gram-positive bacterial HPr homologs (Fig. 3) . While the effect of this shift on phosphorylation and activity of Aaci_0224 is not known, it may alter or even inhibit phosphorylation. This hypothesis is supported by the fact that point mutations in HPr proteins in B. subtilis have shown relaxed CCR [59] . If HPr is not phosphorylated on the regulatory serine (Ser-46), then proper interaction with CcpA would not occur, thereby inhibiting CCR.
Comparing this gene loci with other Gram-positive bacteria can partially explain why CCR is absent when glucose is added to an A. acidocaldarius culture growing on another sugar (Fig. 4) . Aaci_0224 is part of a gene cassette related to metabolism of mannitol (Fig. 4a ). Aaci_0220 encodes a PTS system, mannitol-specific enzyme II (EIIC) subunit. BglG, which is a mannitol operon activator, is encoded by Aaci_0221, while Aaci_0222 encodes a sugar phosphotransferase similar to the enzyme II (EIIA) subunit. Mannitol dehydrogenase is encoded by Aaci_0223. Aaci_0225 encodes the phosphoenolpyruvate-protein phosphotransferase, which encodes enzyme I (EI) of the phosphotransferase system. As a comparison, Fig. 4b shows the gene cassette from B. subtilis strain 168 for which CCR from glucose is active. There are two regulators (YkvZ and GlcT), the glucose EIIABC subunit (PtsG), the HPr encoding gene (PtsH), and EI component (PtsI). If gene proximity and coexpression are important, then an alternate hypothesis for the lack of CCR in A. acidocaldarius is that CCR is not triggered by glucose, but instead triggered by mannitol, which was not tested. No in-depth analysis of similar phenomena in other bacteria has been performed for comparison.
Sugar transporters
Multifacilitator superfamily
A variety of genes annotated as carbohydrate transporters were regulated during transition from growth on sugar 1 to growth on two sugars. Genes (Aaci_0259 through Aaci_0261) were down-regulated during the xylose/ arabinose experiments. These genes are organized in an Aaci_0335, Aaci_0443, Aaci_2515, Aaci_2622, and Aaci_2906 annotated as major facilitator superfamily (MFS_1) transporters were down-regulated in all experiments. A variety of transporter types responded to the second sugar added; however, there were differences when comparing growth on xylose, regardless of second sugar added, to fructose/glucose ( Table 2 ). Aaci_0335 was downregulated during all three experiments. While similar to encoded proteins from other A. acidocaldarius genomes, this transporter shows the most homology to MFS-type transporters from many crenarchaeotes, even more than similar transporters in other Alicyclobacillus species (Fig. S2 ).
Aaci_0443 has been classified as a sugar transporter in Prosite (PS00216), but no specific metabolite was given. KEGG Orthology (KO:K08369) indicates that this transporter functions through a proton symport mechanism. Results from transcriptional analysis indicate that this transporter is involved with xylose, or more generally, pentose transport. As with Aaci_0335, this protein exhibits homology to a number of Archaeal MFS transporters, as well as Actinobacteria.
Comparison of the gene product from Aaci_2515 to other proteins in the InterPro database indicates that this ORF encodes an MFS Family transporter, of the general substrate type (IPR016196). When compared to other genes in the non-redundant protein database in NCBI, this gene shows the highest homology (95% identity) to ORF TC41_2812 from A. acidocaldarius Tc-4-1, which has been annotated as a d-galactonate transporter of the MFS type. Aaci_2515 also shows 76% homology to a gene that has been annotated as an MFS transporter in A. hesperidum URH17-3-68. This 148 amino acid protein also shows greater than 68% identity to MFS proteins in a number of Geobacillus species.
Comparison of Aaci_2622, which was regulated during the xylose experiments but not with fructose, with other COGs suggests that this 421 amino acid protein is a sugar phosphate permease (COG2271), with greater than 40% Major facilitator superfamily (MFS) transporter 2.6 down BC 4.0 down similarity to MFS transporters in Burkholderia and Pseudomonas species. These findings, along with data from the microarray experiments, indicate that this protein is involved in xylose transport, or pentose transport, in general. Aaci_2906, located in a gene neighborhood containing many genes encoding proteins important for metabolism of pentose sugars, or pentose-containing oligosaccharides was down-regulated in both glucose experiments. Other genes, such as Aaci-2899 which encodes an l-ribulokinase, Aaci_2897 encoding an l-arabinose isomerase, and Aaci_2894 that encodes the glycoside hydrolase α-Narabinofuranosidase are co-located with Aaci-2906.
Finally, gene locus Aaci_2879 has been annotated as a general substrate MFS transporter was up-regulated during the fructose/glucose experiment. The predicted 465 amino acid protein encoded by this gene has greater than 55% identity with MFS transporters found in a number of Sulfobacillus acidophilus strains.
ABC-type transporter components
Aaci_0403, Aaci_2510, Aaci_2889, and Aaci_2474 have been annotated as Family 5 extracellular solute binding proteins (SBP) associated with binding for multiple solutes, including nickel, peptide, and carbohydrates, as part of the ABC transport process. KEGG Orthology (KO:K02035) and InterPro (IPR000914) indicate that these genes encode proteins that are the periplasmic SBP for peptide or nickel ABC transporters. Conserved domain analysis indicates that these SBPs from A. acidocaldarius contain domains similar to cellulose-binding domains of a protein from the hyperthermophile Thermotoga maritima. This periplasmicbinding fold protein superfamily not only functions in transport of peptides, but also metabolites such as amino acids and carbohydrates.
Fructose and glucose, both hexoses, appeared to have less of an effect on gene transcription of Aaci_0403 than arabinose. Conserved domain analysis shows that model cd08509 for PBP2_TmCBP_oligosaccharides_like binding proteins best fits the protein encoded by this gene. The fact that this gene was differentially regulated with different sugars indicates that it is involved in carbohydrate transport. Sugars such as arabinose were found to be transported by dipeptide transporters in Sulfolobus solfataricus [17] , further supporting this hypothesis.
KEGG orthology (KO2035) indicates that the protein encoded by Aaci_2510 is the extracellular SBP associated with an ABC transporter involved in peptide or nickel transport. Comparison to conserved domains for oligopeptide transporters suggests that Aaci_2510 functions in a manner similar to OppA (Aaci_2474), discussed in more detail below.
Aaci_2889 was down-regulated during both xylose experiments, indicating that the transporter was being transcribed when growing at steady state on xylose. As with Aaci_0403 and Aaci_2510, KEGG orthology (KO2035) indicates that this protein is a peptide/nickel transport system SBP. Gene orthology, along with the fact that these genes were strongly down-regulated when the second sugar was added, indicates the possible function in monosaccharide transport.
Another set of genes (Aaci_2471, Aaci_2472, Aaci_2473, and Aaci_2474) has been annotated as the OppA, OppB, OppC, and OppD components of an ABC oligopeptide transporter. Since Aaci_0403 and Aaci_2889 were regulated with the same sugars, these SBPs support the transporter encoded by Aaci_2471 through Aaci_2474.
While opp genes are typically arranged in operons, as is the case with A. acidocaldarius, additional OppA components are often present in other locations of the genome and are co-regulated with the genes in the operons [39] . Alicyclobacillus acidocaldarius appears to have at least five genes dispersed across the genome that encode proteins that perform similar functions to OppA. The increased number of SBPs compared to the total number of these transporters is thought to increase the efficiency of oligopeptide binding [39] . Two other opp operons present in the A. acidocaldarius genome were not regulated during any of the experiments. In general, oligopeptide transporters play a central role in internalization of peptides for nutrition and recycling of cell wall peptides. If transport of peptides were the sole function of the transporter encoded by this group of genes, then regulation during growth on fructose/glucose would have been expected.
While the function of the oligopeptide transporters in A. acidocaldarius is not known at this time, additional insight can be obtained by Opp/Dpp transporters found in Thermotoga maritima [8, 42] . Transcription of components for two distinct Opp/Dpp family transporters was high in the presence of xylose and xylan polysaccharides. The primary difference between T. maritima and A. acidocaldarius is that the Opp/Dpp transporter in T. maritima is located in an apparent xylan utilization cluster with a Family 10 xylanase transversely transcribed from the transporter, while in A. acidocaldarius, it is not (Fig. 5a ). Comparing gene ortholog neighborhoods based on COG functional categories, the A. acidocaldarius group of genes is more similar to Opp/Dpp in Thermotoga that is adjacent to two endocluganase enzymes (Fig. 5b) . The OppA-family binding protein (MtpA) was more highly regulated when T. maritima was grown on xylose, but other transporter components were more regulated when grown on mannans. Figure 5c shows the primary difference between these clusters of genes when comparing T. maritima to A. acidocaldarius: a glycoside hydrolase gene (Aaci_2475) is located adjacent to the transporter genes, but is also oriented in the same direction as the transporter genes.
Aaci_1215 encodes a 446 amino acid protein, characterized as a Family 1 extracellular SBP, which differ from the Family 5 SBPs discussed above. KEGG Orthology (KO:K10188) and comparison with other COGs (COG1653) for bacterial proteins indicate that this protein is the extracellular component of a sugar transporter. The Integrated Microbial Genomes (IMG) tool within the Joint Genome Institute webpage has annotated this gene to encode a carbohydrate uptake transporter 1 (CUT1)-type ABC-transporter SBP. The gene was down-regulated during the experiments with glucose, but was not regulated when arabinose was added. This Family 1 SBP gene was co-regulated with other components of the ABC transporter (Aaci_1216 and Aaci_1217, both inner membrane transport components). These results indicate that these genes were up-regulated by the presence of glucose, or hexoses in general, since the response was stronger with fructose and glucose than with xylose or arabinose.
Gene loci Aaci_1853 and Aaci_1253, both encoding hypothetical proteins, mapped to integral membrane proteins of the GPR1/FUN34/yaaH family. Description of the gene product from InterPro (IPR000791) classifies GPR1/ FUN34/yaaH as a hydrophobic protein with six transmembrane regions, suggesting involvement in transport. Various studies in fungi and bacteria have implicated GPR1/ FUN34/yaaH in export of volatile fatty acids, such as acetate [47, 48] . In Bacillus subtilis, yaaH has been shown to encode genes related to sporulation [7] . Analysis of Aaci_1853 in the NCBI database shows that the gene product demonstrates the highest level of homology to proteins in organic acid (i.e., acetate) producing and metabolizing bacteria such as Acetobacter, Thermoacetogenium, and Gluconobacter. Within the JGI database, Aaci_1253 has also been annotated as an inner membrane transporter, specifically in the YaaH family transporters involved in organic acid transport. The gene shows high homology (>87%) to other Alicyclobacillus genes in the NCBI database, and is closely related to GPR1/FUN34/yaaH inner membrane transporters in Archaea (Sulfolobus) and β-Proteobacteria (Burkholderia). Acetyl-coenzyme A synthetase (Aaci_1254) is the nearest neighbor upstream of Aaci_1253. This strengthens the argument that Aaci_1253 is involved in acetate transport, since Acetyl-coenzyme A synthetase catalyzes acetogenesis from pyruvate, and while not down-regulated to the level of Aaci_1253, Aaci_1254 was down-regulated 6.2-fold at the same sampling point. In addition, when growing at high rates on sugars such as glucose and xylose, A. acidocaldarius has been shown to produce organic acids such as acetate, lactate, and propionate (data not shown), similar to other Firmicutes [2] .
Aaci_2204, which has been annotated as an SSS family transporter (TC:2.A.21), was up-regulated the most when the A. acidocaldarius culture was spiked with arabinose. SSS family transporters typically function to transport Na + with sugars, amino acids, inorganic ions, or vitamins. Transport must not be specific, since up-regulation was seen whether glucose or arabinose was added, but is more responsive to pentose sugars, specifically arabinose. Sodium ions were not present in the growth medium, but became available when NaOH was pumped into the chemostat to help control pH, allowing for co-transport of sugars.
The gene for a permease involved in l-lactate transport (Aaci_2529) was down-regulated during all three experiments. As indicated above, A. acidocaldarius has been shown to produce lactate when grown on xylose and glucose (data not shown). The presence of lactate in the growth medium would support the presence and activity of transporters for l-lactate.
Another apparent operon that encodes components of an ABC-type transporter for sugars was also down-regulated. The operon consists of a GntR Family transcriptional regulator (Aaci_2901), a periplasmic-binding protein/LacI transcriptional regulator (Aaci_2902), an inner membrane translocator (Aaci_2903), and an ABC-transporter-related 
Cell wall, fatty acid, and amino acid metabolism
Genes related to metabolism of cellular constituents were regulated during the three experiments. Genes within this category represent the largest set regulated during testing and are present in apparent operons as well as individual loci (Table S1 ). Since anabolism when A. acidocaldarius was growing on sugars would be expected, function of the annotated gene product will only be briefly described. Aaci_0135 and Aaci_0137 have been annotated as encoding hypothetical proteins of unknown function. Aaci_0136 encodes a PE-PGRS family protein because of the Pro-Glu (PE) in the N-terminal domain followed by a Gly-Ala-rich sequence (PE-PGRS). Some PE-PGRS family genes have also been classified as lipases/esterases that are up-regulated during starvation as the cell utilizes stored triacyclglycerol [10] . This group of genes also contains Aaci_0139, the GAF-modulated transcriptional regulator discussed above.
In general, Aaci_0340 and Aaci_0341 were more downregulated (~sixfold) during the fructose/glucose experiment than in the experiments with xylose. Levels of regulation of Aaci_0339 were similar for all three conditions tested. Other genes for phenylacetate metabolism, Aaci_0810 (phenylacetate-CoA oxygenase) and Aaci_0811 (phenylacetate-CoA ligase), were also down-regulated.
Aaci_0441 and Aaci_0442 that encode proteins that are involved in fatty acid synthesis were down-regulated during both xylose experiments. While the specific function of these two enzymes is not known, they are located in the same genome neighborhood as an MFS sugar transporter (Aaci_0443) and the bEBP (Aaci_0444), which were both down-regulated during all three experiments.
Aaci_1452 through Aaci_1458 appear to be included in operons related to fatty acid metabolism and were downregulated in all three conditions tested, but were most highly down-regulated during the fructose/glucose experiment. Another gene encoding a CDP-diacylglycerol/glycerol-3-phosphate 3-phosphatidyltransferase gene (Aaci_1470) thought to be associated with this apparent operon was also down-regulated. Down-regulated genes for other enzymes related to fatty acid metabolism from a different genome locus were Aaci_2060, Aaci_2059, Aaci_2058, Aaci_2057, and Aaci_2035. Differences in expression of genes in each group indicate that there are secondary promoters for some genes in the operon allowing differential expression of individual genes.
The KEGG orthology for Aaci_2504 has given the protein the function of a phenylacetaldehyde dehydrogenase. This enzyme represents the final step in phenylalanine catabolism to phenylacetic acid. A major component of the cell wall of A. acidocaldarius is the ω-cyclohexyl fatty acid, ω-cyclohexylundecanoic acid [40] . These studies and regulation of the annotated acetaldehyde dehydrogenase (Aaci_2504) indicate the involvement of the enzyme product in cell wall formation by A. acidocaldarius.
Conclusions
Alicyclobacillus acidocaldarius ATCC 27009 is a Grampositive, aerobic, thermoacidophile capable of using a wide range of mono-, di-, oligo-, and polysaccharides. While the genome sequence of A. acidocaldarius contains genes encoding all components of CCR typical for Gram-positive bacteria, no in-depth analysis of CCR has been performed for this bacterium. Microarray, monosaccharide metabolism, and growth data from continuous-flow chemostat studies, in which A. acidocaldarius was grown to steady state on an individual monosaccharide, and then, a second monosaccharide was added to elicit CCR, indicated that A. acidocaldarius was able to use xylose/glucose, xylose/arabinose, and fructose/glucose simultaneously, showing that CCR is not the primary regulator of carbon metabolism. Xylose, arabinose, and glucose at concentrations of 2 g/L were completely metabolized, while fructose was only partially metabolized. In each experiment, the addition of the second sugar yielded twice as much carbon, leading to a doubling of cell density based on optical density.
A common theme among all three experiments was that many of the same genes were regulated regardless of the sugar being used for growth, or the sugar added. With the exception of two transporters, most genes were down-regulated during transition from steady-state growth on the first monosaccharides to non-steady state with two monosaccharides. During transition from non-steady-state growth on two sugars to steady-state growth on two sugars, the same genes were up-regulated to the same extent; however, there were a few cases, where up-regulation was several-fold higher than the original down-regulation. Gene categories that were down-regulated included transcriptional regulators (mostly transcriptional activators), a variety of transporters, and enzymes related to metabolism of cellular components, such as cell wall lipids and amino acids, as well as carbon overflow. Some central metabolism genes were also downregulated during growth on fructose and glucose, including genes for respiration. In general, these results indicate that through a yet-to-be-determined mechanism, transport, growth, and carbon overflow were temporarily halted when a second sugar was added, and then, as the cells were growing at steady state on two sugars, the transcriptional state of the cell returned to levels similar to when A. acidocaldarius was growing on one sugar.
Alicyclobacillus acidocaldarius, unlike many Gram-positive bacteria, can simultaneously use pentose and hexose sugars, indicating that this bacterium would be useful for breaking down plant biomass that contains both the types of sugars. Parallel metabolism of sugars appears to be a function of the types of transporters encoded in the genome, and a possibly defective HPr component of the CCR system, which inhibits binding of CcpA to promoter regions, which is the key step in CCR.
